INTRODUCTION
Bos indicus cattle form the majority of cattle breeds adapted to tropical and subtropical regions worldwide. Brahman bulls are B. indicus cattle and typically reach puberty later than taurine breeds, having a lower success rate at breeding examination while young (before 2 yr of age) [1] [2] [3] [4] . Selection for fertile bulls that would reach puberty early is therefore especially important in B. indicus breeds.
Ideal traits for selection of bulls would be measured early in life and would correlate with age at puberty and future mating performance (i.e., number of calves sired from natural mating). Bull fertility traits have been shown to be moderately heritable [5, 6] . The development of genetic markers could therefore facilitate earlier prediction of fertility and would speed up genetic improvement programs. In addition, the identification of candidate genes, through genome-wide association studies (GWAS), has the potential to advance research related to male fertility, in both cattle and other mammalian species [7] [8] [9] , because aspects of reproductive biology are conserved across mammals [10, 11] .
In this study, we identified genetic variants associated with reproductive traits in young Brahman bulls. Reproductive traits were measured in a study that aimed at identifying early predictor traits for bull fertility. The serum levels of inhibin (IN) at 4 mo were measured. Inhibin is produced by the Sertoli cells and has potential as an early biomarker for sexual development [12] . A single measurement of plasma levels of luteinizing hormone (LH) after a gonadotropin-releasing hormone (GnRH) challenge at 4 mo of age was collected because this measurement may be correlated to age at puberty [13] . Blood levels of insulin-like growth factor 1 (IGF1) were measured at 6 mo because of the well-documented links of this hormone to growth and reproduction traits [14, 15] . Scrotal circumference (SC) at 12 mo as well as the presence of sperm in the ejaculate (Sperm) at 18 mo were also measured because of their association with age at puberty [13] . Sperm morphology assessment was carried out to establish the percentage of normal sperm (PNS) at 24 mo because this trait is associated with bull fertility under natural mating (calf output) [16] . These were compared to a previously reported pubertal trait: age of achieving a scrotal circumference of 26 cm (AGE26) [17] . We performed GWAS using first ;50 000 and second ;800 000 single-nucleotide polymorphisms (SNP) genotypes in order to identify genomic regions and genes associated to these traits.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not required for this study because the data were obtained from existing phenotypic databases and DNA storage banks as described in the following section. Previous groundwork was conduct under project approval for 1999-2006 and 2006-2010 granted by the JM Rendel Laboratory Animal Experimental Ethics Committee (CSIRO, Queensland, Australia) as approvals TBC107 and RH225-06.
Animals and Traits
Data from 1118 Brahman bulls born between 2004 and 2008 were used for the current study. These bulls were the progeny of 55 industry sires in a beefbreeding experiment that investigated the genetics of whole herd profitability. The experimental design of this breeding herd and details concerning traits measurements as well as quantitative analyses of the genetic relationship among traits were described previously [5, 6, 18] .
Blood samples for measurement of IN and LH were taken at approximately 4 mo of age, and IGF1 was measured at approximately 6 mo of age. Hormones and sampling times were selected for their association to puberty and testicular development, following the literature evidence [see reviews 12, 19] . For IN assays, 10 ml blood samples were collected by venipuncture into BD Vacutainer serum tubes (Becton, Dickinson and Company) and allowed to clot at ambient temperature, then kept refrigerated. Within 24 h, tubes were centrifuged at 2500 rpm for 20 min, and serum was aliquot into 5-ml tubes and stored at À208C. Samples were sent frozen to Monash Institute of Medical Research, Monash University, Melbourne, Australia for IN assays, which followed established immunoreactive protocols. Immunoreactive IN was measured by heterologous radioimmunoassay, which is directed toward the alpha subunit thereby measuring both IN A and IN B, as described previously [20, 21] . The protocol for a simple measurement of GnRH-stimulated LH plasma concentration was based on methods described by Bagu et al. [22] . These methods were further developed and adapted to management conditions of Australian extensive cattle herds. Bulls were divided in groups of 10 animals for better time management of GnRH (Fertagyl; Intervet Australia Pty Limited) administration. Blood samples (10 ml) were collected approximately 20 min after the administration of GnRH, by venipuncture into lithium heparin BD Vacutainer tubes (Becton, Dickinson and Company). Within 1 h of sampling, tubes were centrifuged as described above, and 5 ml of plasma was aliquoted and frozen (À208C) until assayed. Assays for LH plasma concentrations used a double-antibody radioimmunoassay procedure as previously established [23, 24] . Blood samples for IGF1 were collected by venipuncture straight onto bloodspot collection cards supplied by PrimeGRO, and IGF1 was measured with a commercially available ELISA as detailed by Moore et al. [25] .
Postweaning (approximately at 6 mo of age), bulls were relocated to Brigalow Research Station (latitude 24.8S, longitude 149.8E) unless they were born at Belmont, in which case they remained at Belmont (latitude 23.2S, longitude 150.4E). There were six cohorts of bulls, defined by year of birth and location, and each cohort grazed as a common group from weaning until about 26 mo of age. Every 3 mo, bulls were mustered to the yards for measurement of scrotal circumference. Also, at 12, 18, and 24 mo of age, a breeding soundness examination was performed on each bull.
Scrotal circumference was measured with a standard metal tape [26] . Measurement of SC at 12 mo was a trait of interest for this study because this is the trait already implemented by breeding programs (http://breedplan.une.edu. au). Additionally, we used SC measurements to estimate age at puberty. From weaning to 24 mo of age, a total of eight measurements of scrotal circumference were taken for each bull, and these repeated measurements were used for individual regression analyses to calculate the age of each bull when it achieved 26 cm of SC (AGE26, expressed in days). Achieving SC of 26 cm was considered a threshold for puberty in Brahman bulls in previous studies [17] .
Bulls with a scrotal circumference of 20 cm or more were subjected to electro-ejaculation at 12, 18, and 24 mo of age as part of the breeding soundness examination. A subsample of the ejaculate (0.05-0.25 ml) was added to 2.95 ml of 0.2% glutaraldehyde in phosphate-buffered saline solution for preservation and future estimation of morphology. Morphology of 100 sperm was determined by examining a thin coverslip preparation of semen using phase contrast microscopy (magnification at 31000). Individual sperm were classified as normal or categorized into 24 classifications of head, midpiece, or tail abnormalities. All the morphology assessments were conducted by the same laboratory technician, who is accredited by the Australian Cattle Veterinarians [26] . Although measured relatively late in life, the PNS at 24 mo of age was included as a potential selection criterion for young bulls because of its reported correlation with calf output [16] . The age when sperm cells first appear in the ejaculate has been suggested as an indicator of puberty [27] . Because it was not possible to estimate the age at which sperm cells first appeared in each bull, we used the presence or absence of sperm cells at 18 mo of age as an indication of bulls having reached puberty or not.
Genotypes
For genotyping, DNA was extracted from a blood sample of 1118 bulls, and the BovineSNP50 chip v2 array [28] was used to genotype the samples according to the manufacturer's protocols (Illumina Inc.). Repeated samples were included in the genotyping for quality assurance, and the Bead Studio software (Illumina Inc.) was used to determine genotype calls. Genotype edits were carried out as follows: SNP were discarded if they did not have a call rate greater than 90%, and genotypes of animals with genotype calls ,0.6 were treated as missing genotypes. After this step, SNP not located in chromosome X were discarded if they departed from Hardy-Weinberg equilibrium at P , 0.0001. After these edits, missing genotypes within the BovineSNP50 were imputed using the BEAGLE 3.2 program [29] . This initial imputation used data from the complete Beef CRC Brahman dataset, which includes these bulls and 843 heifers genotyped with the BovineSNP50 v1 array, as described previously [17] . Imputing resulted in 50 353 SNP with complete genotypes for 1118 bulls. Finally, if the minor allele frequency of a given SNP was less than 0.01, the SNP was excluded, leaving 43 821 SNP for association studies.
Additionally, 304 sires and dams of the bulls were genotyped with the highdensity SNP chip (;800 000 SNP; Illumina Inc.), and complete genotypes were imputed using the BEAGLE 3.2 program [29] . Quality control procedures applied to the high-density dataset followed the criteria applied to the BovineSNP50 array data. After quality control and imputation, 729 254 SNP with complete genotypes for 1116 bulls were retained for analysis.
GWAS
GWAS were performed with the 43 821 SNP of the BovineSNP50 chip for each of the six traits separately. Subsequently, chromosomewide associations were performed with high-density SNP data, for chromosomes that presented promising results in the initial GWAS (which was the case for chromosomes 2, 14, and X). In both analyses, genotype calls were coded as 0 for the homozygote of the first alphabetical allele (A), 1 for the heterozygote, and 2 for the homozygote of the second alphabetical allele (B). Alleles A and B were defined according to top/bottom rules from Illumina. The effect of each SNP was estimated in turn using the mixed model in Equation 1:
where y ij represents the phenotypic observations from the i-th bull (i ¼ 1 to 1116) at the j-th phenotype ( j ¼ 1 to 7), X is the incidence matrix relating fixed effects in b with observations in y ij , Z is the incidence matrix relating random additive polygenic effects in u with observations in y ij , S k in the vector of genotypes for the k-th SNP across all the animals, a jk represents the additive association of the k-th SNP on the j-th trait, and e ij is the random residual effects. Fixed effects included in the model were contemporary group (i.e., cohort of bulls born in the same year and raised together), herd of origin of the dam, age of the dam, group of LH measurement, and the batch of the IGF1 assay. Age (in days) at the time of trait measurement was used as a linear covariate for IN, LH, SC, Sperm, and PNS. Solutions to the effects in the model as well as variance components were estimated using Qxpak5 [30] . Qxpak5 performs a likelihood ratio test, testing the model with SNP versus the model without the SNP against a chi-squared distribution with one degree of freedom, and this was done one SNP at a time. False discovery rates (FDR) were estimated using Equation 2:
where n represents the total number of SNP included in the study (in the present study, n ¼ 43 821), P is the P-value threshold being used, and m is the actual number of associated SNP in the given P-value threshold.
The percentage of the genetic variance accounted by the i-th SNP was estimated according to the following formula:
where p i and q i are the allele frequencies for the i-th SNP estimated across the entire population, â i is the estimated additive effect of the i-th SNP on the trait under analysis, and r 2 g is the restricted maximum likelihood estimate of the (poly-)genetic variance for the trait.
FORTES ET AL.

RESULTS
Summary statistics for all six fertility traits and covariates are shown in Table 1 . The GWAS performed with the BovineSNP50 chip resulted in more significant SNP than what would be expected by chance alone (Table 2 ). Considering the issue of multiple testing, we accepted as significant associations those with a P , 1.00EÀ5, which corresponded to a low FDR , 5% for all the traits except for LH and Sperm. Genomic regions harboring SNP that attended these criteria yielded new candidate genes, herein reported and discussed. For location, nearest genes, estimated allele substitution effects, and percentage of the genetic variance explained by each SNP with a P , 1.00EÀ5 (for one or more traits), refer to Supplemental Table S1 (all the Supplemental Data are available online at www.biolreprod.org).
The most significant SNP associated with IN could explain 11% of the genetic variance and were located on Bos taurus autosome (BTA) 2, between 106 and 114 Mb (Fig. 1A) . The gene that encodes inhibin alpha (INHA) is located at 108 Mb of the same chromosome. Other nearby genes included the following: wingless-type MMTV integration site family, member 6 (WNT6), serine/threonine kinase 36 (STK36), Indian hedgehog (IHH), serine/threonine kinase 11 interacting protein (STK11IP), and EPH receptor A4 (EPHA4). Other SNP associations pointed at bone morphogenetic protein 2 (BMP2) (BTA13), zinc finger protein 32 (ZNF32) (BTA28), and sarcoma antigen 1 (SAGE1) (chromosome X) as positional candidates associated with IN.
The SNP association results for LH supported a complex genetic architecture for this trait, with no single chromosome or genomic region harboring the majority of associated SNP (Fig.  1B) . The five most significant SNP for LH were located on five different chromosomes: 3, 6, 15, 28, and 29. Out of these five locations, only two (BTA3 and BTA28) harbored SNP with a FDR , 5% (P , 1.00E-6, Table 2 ).
Significant SNP associated with IGF1 were located either on BTA5, near the gene solute carrier family 38, member 1 (SLC38A1) (34 Mb) or on BTA14 (Fig. 1C) . Some of the most significant SNP for SC and Sperm were also located on BTA14 (Fig. 1, D and E) . Many SNP associated with SC were located on chromosome X, which was also the chromosome with the most significant association results for PNS (Fig. 1F) .
The region in BTA14 between 21 and 28 Mb presented significant associations for IGF1 and SC (Fig. 2) , and this agrees with previous results described for AGE26 [17] . This region includes 23 mapped genes, including pleiomorphic adenoma gene 1 (PLAG1), proenkephalin (PENK), ribosomal protein S20 (RPS20), small nucleolar RNA, C/D box 54 (SNORD54), and Moloney murine sarcoma viral oncogene homolog (MOS). For Sperm, associated SNP on BTA14 were less significant (P ¼ 9.69EÀ06) and shifted toward the 35 Mb position, when compared to IGF1, SC, and AGE26 results (Fig.  2) .
The significant associations of fertility traits with SNP on chromosome X mapped to wide regions (Fig. 2) . A 30 Mb region (from 62 to 92 Mb) was associated with SC and AGE26. The most significant SNP for PNS were also on chromosome X but mapped to three different regions: at 4 Mb, between 40 and 55 Mb, or at 97 Mb. Given the size of these regions on chromosome X, it is not practical to list all the annotated genes here. The nearest genes to the most significant SNP are listed in Supplemental Table S1 . Notably, two possible candidate genes in this region with functional links to the endocrine system are serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7 (SERPINA7), and androgen receptor (AR). The gene SERPINA7 codes for a thyroid hormonebinding globulin and is located at 53 Mb of chromosome X, which is within the genomic region associated with PNS. The a The number of SNP expected to be associated by chance alone for each P-value threshold considering the number of tested SNP (43 821 SNP with a minor allele frequency . 0.01). SNP associated with at least one trait (P , 1.00EÀ05) are detailed in Supplemental Table S1 . b Values in bold correspond to false discovery rates lower than the nominal 5%.
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AR-coding region is located at 88 Mb of chromosome X, which is within the region associated with SC and AGE26. The SNP associations found on BTA2 for IN, on BTA14 for IGF1 and SC, and on chromosome X for SC and PNS were the most significant from the BovineSNP50 study. These chromosomes were therefore examined in more detail using the highdensity data. Mapping SNP associations from the high-density GWAS delineated a narrower region of SNP between 108 and 109 Mb of BTA2 for significant associations with IN, confirming the genes INHA and STK11IP as candidates for IN (Fig. 3A) . SNP located between 22 and 26 Mb on BTA14 were the most significant for IGF1 and SC, confirming the PLAG1 region as an important one for these traits (Fig. 3, B and C). High-density GWAS in chromosome X failed to resolve the wide association peaks into more detail and confirmed that the most significant associations with SC were for SNP located between 62 and 92 Mb, and the most significant associations with PNS were for SNP located between 40 and 55 Mb (Fig. 3, D and 3E ).
DISCUSSION
The results from GWAS allowed us to uncover positional candidate genes for IN, LH, IGF1, SC, and PNS, but not for Sperm. Overall, the associations between SNP genotype and the LH and Sperm traits were less strong, perhaps reflecting the lower heritability of these two traits [5, 6] .
For IN, the positional candidate gene with the most obvious biological link to the trait was INHA that encodes the alphasubunit of IN. In placental cells, production of IN hormone was shown to be linked to INHA transcript levels [31] , and the assay used for IN measurement was directed toward detection of alpha subunit [20, 21] . However, the most significant SNP from the BovineSNP50 dataset were found closer to the EPHA4 gene, and the most significant SNP of the high-density data was closer to STK11IP. The gene STK11IP appears to play a role in human spermatogenesis and fertility related to histone binding [32] . Further, BMP2 (BTA13), ZNF32 (BTA28) and SAGE1 (chromosome X) resulted as positional candidates for FIG. 1. Genome-wide association results for six fertility traits: inhibin serum levels (IN; A) , luteinizing hormone plasma levels (LH; B), insulin-like growth factor 1 serum levels (IGF1; C), scrotal circumference (SC; D), ability to produce sperm (Sperm; E), and percentage of normal sperm (PNS; F). The log inverse P value was plotted in the y axis and the chromosomal positions in the x axis, according to UMD3 annotation for the bovine genome (https://www. biolives.csiro.au/cgi-bin/gbrowse/btauUMD3/). Note that y axis varied according to different results and note the best association results found in chromosomes 2 (IN), 14 (IGF1, SC, Sperm), and X (SC and PNS).
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IN. In summary, our GWAS results provide evidence that variation in the INHA gene itself or its immediate neighborhood is important for contributing to genetic variability in prepubertal levels of this hormone. These results should encourage further investigation toward understanding causation. A possible role for other genome regions or genes in the regulation of IN serum concentration cannot be excluded.
The two most significant SNP for LH were located on BTA3 and BTA28. In both cases, the nearest annotated sequences were not known genes but predicted loci: LOC618155 (BTA3) and LOC783538 (BTA28). The location on BTA3 has homology with a human open-reading frame named C1orf2106, which is little studied. Next to the location in BTA28, a more studied candidate was observed: rhotekin 2 (RTKN2). The gene RTKN2 encodes a RHO-binding protein [33] . Links between the RHO-signaling pathway and the GnRH axis have been reported; for example, it has been shown that RHO signaling influences exocytosis in pituitary cells, regulating hormonal secretion [34] . The results from our GWAS therefore raise the possibility that variation in an RHOsignaling pathway gene, RTKN2, may contribute to the observed genetic variability in pituitary response to GnRH stimulation. A function for the less studied genes located in these quantitative trait loci cannot be excluded.
Significant SNP associations for IGF1 and SC were located on BTA14 (from 21 to 28 Mb). This same region has been reported to be associated with a wide variety of traits, including the male puberty trait AGE26 [17] as well as IGF1 serum levels, female puberty, postpartum anoestrus, height, weight, and fat traits measured in Brahman cows related to the studied bulls [35] . Hence, our results support previous findings and establish this genomic region as relevant for both male and female reproduction. Importantly, this region on BTA14 appears to have pleiotropic effects on both growth and reproductive traits across different cattle breeds, such as birth weight and weight gain [36] , subcutaneous fat depth [37] , stature [38] , calving ease, still birth, and body size [39] . The hormone IGF1 is an important link between reproduction and growth. While our data provides no evidence to address the question whether circulating levels of IGF1 are an underlying cause of these pleiotropic effects or just one aspect of the observed phenotype, it will be important to examine both hypotheses in the future.
Variation in the PLAG1 region at 25 Mb on BTA14 has been linked with growth traits [38] . However, other genes in this region could be also considered biological candidate genes for fertility traits, including PENK, RPS20, SNORD54, and MOS. The gene PENK encodes a neuropeptide involved in GnRH regulation [40, 41] . The gene RPS20 and a small RNA (SNORD54) were associated with calving ease [39] . Female MOS knockout mice presented with fertility issues [42] . These previous evidence and our association results support these genes as important candidates for reproduction traits, such as age at puberty, SC, and IGF1.
The most significant associations for SC were mapped to chromosome X (from 62 to 92 Mb). The AR gene, located at 88 Mb, is a strong positional candidate for SC. Variation in the gene coding for this receptor might be expected to contribute to genetically based differences in the androgen-signaling pathway, which is critical for testicular development, spermatogenesis, and fertility in mammalian species [43] . However, POU3f4, located at 73 Mb of chromosome X, should also be considered a candidate gene for this associated region because other POU domain transcription factors have been implicated in spermatogonial stem cell renewal [44, 45] .
The SNP located on chromosome X and associated with PNS were approximately 35 Mb distant to the SNP associated with SC. The most significant SNP associated with PNS was located at 53 Mb, intronic to interleukin 1 receptor accessory protein-like 2 (IL1RAPL2), a gene with no apparent role related to male fertility. However, within this intronic region of IL1RAPL2 lies a predicted noncoding RNA similar to the dynein light chain 1 gene. Dynein light chain is associated with spermatogenesis and sperm motility in mice [46] . Noncoding RNAs are vital regulators for germline cells [47] . Based on the strong positional evidence for the dynein-related noncoding RNA, its possible role in bovine spermatogenesis warrants further investigation. Also located at 53 Mb on chromosome X is the gene SERPINA7, which codes for thyroglobulin, the major transport
Association results in chromosomes 14 and X. Plot axis were log inverse P value (y axis) and chromosomal positions (x axis), according to UMD3 annotation for the bovine genome (https://www.biolives.csiro.au/cgi-bin/gbrowse/btauUMD3/). Traits plotted for chromosome 14 were: ability to produce sperm (Sperm), insulin-like growth factor 1 serum levels (IGF-1), scrotal circumference (SC), percentage of normal sperm (PNS), and age of achieving a SC of 26 cm (AGE26). Note that the associated SNP for Sperm were less significant and shifted to the right when compared to IGF1, SC, and AGE26. For chromosome X, the relevant traits were SC, AGE26, and PNS. Note that the best association results for AGE26 and SC were in the same region but differed from the best association for PNS.
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protein for thyroid hormone in serum. Thyroid hormones influence steroidogenesis and spermatogenesis, and there is evidence that links thyroglobulin gene variation to testicular development in boars [48] [49] [50] . The gene SERPINA7 is therefore a strong candidate for the PNS trait in Brahman bulls. Further mapping of this region and investigation of these new candidate genes could lead to a better understanding of spermatogenesis and the issues that cause malformed sperm cells in bulls.
The use of imputed high-density SNP data to examine association regions on BTA2 and BTA14 helped narrow down those region and refine the list of candidate genes. The highdensity data confirmed the BovineSNP50 results and so the genes INHA and STK11IP remained as potential candidates for IN and PLAG1 for IGF1, SC, and puberty. However, for chromosome X, the regions associated with SC and PNS remained broad. Additional evidence is required to refine chromosome X results.
Evidence from an independent study in another cattle population supports regions of chromosome X as relevant for male fertility. Regions at 30, 48, and 110 Mb on chromosome X were associated with a bull fertility trait, noncompensatory fertility, in a recent GWAS involving Holstein bulls [51] . Six of the SNP associated with fertility in Holstein bulls were also associated with PNS in Brahman bulls (Supplemental Table  S2 ). Two of these validated SNP mapped to PASD1, a gene of relevance for testicular cancer [52] . Therefore, ours and published results point to PASD1 as a potential candidate gene for male fertility.
Another study reported ITGB5 as a candidate gene associated with noncompensatory fertility in Holstein bulls [9] . This gene was not associated with our fertility traits. Differences between our current results and those recently reported could be explained by a number of factors, including: measured phenotypes, statistical approaches, cattle breeds, and numbers of animals genotyped. The minor allele frequency of most SNP associated to fertility in Holstein bulls was low in Brahman bulls (Supplemental Tables S2 and S3 ). To our knowledge, ours is the first male fertility GWAS performed with over a thousand Brahman bulls. The overall evidence points to chromosome X, and especially to the region between 34 and 53 Mb, as a region of importance for bovine male fertility.
In summary, genomic regions in BTA2, BTA14, and chromosome X were associated with traits measured throughout puberty in Brahman bulls. These associations were further refined with the high-density SNP data analysis. Candidate genes for important aspects of male fertility, including circulating hormone levels in prepubertal animals, peripubertal scrotal circumference, and sperm morphology post puberty, were identified. These findings contribute important new hypotheses about the regulatory networks that govern reproduction and will lead to better annotation of gene function in the context of reproductive biology. FORTES ET AL.
